The nature of rat liver protein phosphatases involved in the dephosphorylation of the glycolytic key enzyme 6-phosphofructo-1-kinase and the regulatory enzyme 6-phosphofructo-2-kinase/fructose 2,6-bisphosphatase was investigated. In terms of the classification system proposed by Ingebritsen & Cohen [(1983) Eur. J. Biochem. 132, 255-2611, only the type-2 protein phosphatases 2A (which can be separated into 2A, and 2A2) and 2C act on these substrates. Fractionation of rat liver extracts by anionexchange chromatography and gel filtration revealed that protein phosphatase 2A is responsible for most of the 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase phosphatase activity (activity ratio 2A/2C =4:1). On the other hand, 6-phosphofructo-1-kinase phosphatase activity is equally distributed between protein phosphatases 2A (2A, plus 2A2) and 2C. In addition, the possible role of low-M, compounds for the control of purified protein phosphatase 2C was examined. At nearphysiological concentrations, none of the metabolites studied significantly affected the rate of dephosphorylation of 6-phosphofructo-1-kinase, 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase, pyruvate kinase or fructose-1,6-bisphosphatase.
6-Phosphofructo-1-kinase (PF1K) is considered to be the rate-limiting enzyme in the control of glycolysis in muscle and liver. It was therefore of great interest when Van Schaftingen et al. (1980) identified fructose 2,6-bisphosphate as the most potent allosteric activator of PF1K. This metabolite is synthesized from and degraded to fructose 6-phosphate by a bifunctional enzyme called -6-phosphofructo-2 -kinase/fructose -2,6 -bisphosphatase (PF2K/F2,6BPase; Hers & Hue, 1983; Pilkis et al., 1984) . PF1K and PF2K/F2,6-BPase undergo reversible phosphorylation/dephosphorylation in the intact cell. Phosphorylation of both enzymes is probably catalysed by a cyclic AMPdependent protein kinase (El-Maghrabi et al., 1982; Brand et al., 1983; S6ling, 1984) . However, the nature of the protein phosphatases responsible for the dephosphorylation of the two enzymes is not clear.
Abbreviations used: PF1 K, 6-phosphofructo-1-kinase (EC 2.7. 1.11); PF2K/F2,6BPase, 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase (EC 2.7.1.-).
We have previously described the purification of a PF1K phosphatase which was also able to dephosphorylate PF2K/F2,6BPase (Mieskes et al., 1984) , and subsequently identified this enzyme as protein phosphatase 2C (by the classification system of . However, it is not known which of the four protein phosphatases described by could be responsible for the dephosphorylation of PF1 K and PF2K/F2,6-BPase, nor the quantitative contribution made by each one.
In the present study we have measured the relative contributions of each of the four protein phosphatases to the dephosphorylation of PF1K and PF2K/F2,6-BPase in rat liver. According to the results obtained, protein phosphatases 2A and 2C each contribute about 50% to the dephosphorylation of PF IK, whereas the dephosphorylation of PF2K/F2,6BPase is catalysed mainly by protein phosphatase 2A (activity ratio 2A/2C = 4:1). While this work was in progress, we were informed of similar work from another laboratory (Pelech et al., 1984) . Their results are in general agreement with ours.
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Methods
Phosphorylase kinase (13 650 nmol of phosphate/min per mg at pH 8.2) and phosphorylase b from rabbit muscle were kindly given by Dr. H. P. Jennissen (University of Munich, Germany) and Dr. P. Cohen (University of Dundee, U.K.). The catalytic subunit of the cyclic AMP-dependent protein kinase was prepared from bovine liver as described by Peters et al. (1977) . The heat-stable inhibitor-2 was prepared exactly as described by Yang et al. (1981) . The preparations of protein phosphatase 2C (PF1K phosphatase), 6-phosphofructo-1 -kinase and all further experimental details have been described previously (Mieskes et al., 1984) . PF2K/F2,6BPase was prepared as described by El-Maghrabi et al. (1982) , with the following modifications: all steps except the fast protein liquid chromatography were performed in 20mM-Tes (2-{[2-hydroxy-1,1-bis(hydroxymethyl]-amino}-ethanesulphonic acid), pH7.5, containing l0mM-KCl, 0.1 mM-EDTA, 1 mM-1,4-dithioerythritol, 0.1 mM-phenylmethanesulphonyl fluoride and leupeptin (0.5pg/ml). DEAE-Sephadex was replaced by DEAE-cellulose and the enzyme was eluted with a step of l50mM-KCl in the above buffer; the phosphocellulose chromatography was followed by a final purification on Mono Q (fast protein liquid chromatography) under conditions described for the purification of PF1K phosphatase. For fast protein liquid chromatography the Tes was replaced by 20mM-Tris and the proteinase inhibitors were omitted. PFl K was labelled by using the catalytic subunit of the cyclic AMP-dependent protein kinase to a maximum of 1.5-2mol of phosphate/mol (four subunits), and phosphorylase b by using phosphorylase kinase to 0.6-1 mol of phosphate/mol as described by Mieskes et al. (1984) . PF2K/F2,6BPase was phosphorylated to 1.6-2mol of phosphate/mol (two subunits) by using the catalytic subunit of the cyclic AMP-dependent protein kinase as described by El-Maghrabi et al. (1982) . According to the literature (Brand et al., 1983; Pilkis et al., 1984) , each phosphoprotein should be labelled at one site only.
Phosphoprotein phosphatase activities were measured as described previously (Mieskes et al., 1984) . The basic assay mixture did not contain Mg2+ or bovine serum albumin. MgCl2 (7.5mM) and/or MnCl2 (1 mM) were included where specified. The substrate concentrations were 0.2mg/ml for phosphorylase, 0.1 mg/ml for PFl K and 0.07 mg/ml for PF2K/F2,6BPase. In order to measure phosphatase-catalysed dephosphorylation, the incubation was stopped after 5 or 10min and proteins were separated by sodium dodecyl sulphate/polyacrylamide-gel electrophoresis. The bands corresponding to the labelled substrates were excised and counted for radioactivity.
Separation of protein phosphatases from rat liver cytosol by DEAE-cellulose chromatography Two rat livers were homogenized, centrifuged (lOOOOOg for 60min) and the supernatant was adsorbed on a DEAE-cellulose column (2cm x 12cm) equilibrated in buffer A (20mM-triethanolamine/HCI, pH 7.5 at 4°C, 2mM-EDTA, 0.2mM-EGTA, 0.5mM-MgCl2 and 1 mM-1,4-dithioerythritol) as described by Mieskes et al. (1984) . All further steps were perfQrmed in buffer A at 4°C. The column was washed with 50mM-NaCl until the absorbance (A280) reached the base-line. Protein phosphatase activities were eluted with a linear gradient of 50-500 mM-NaCl in 300 ml of buffer A with a flow rate of 25 ml/h, and collected in 3. 
Results and discussion
In this study we examined only those soluble protein phosphatases from livers of fed rats which could be adsorbed on DEAE-cellulose and subsequently eluted with a gradient of 50-500mM-NaCl under standardized conditions. Fig. 1 , the first large double peak eluted under these .conditions at about 100-1 50mM-NaCl represents protein phosphatase 2AI and the active form of phosphatase 1, whereas the second peak represents protein phosphatase 2A2. Addition of 8 units (for definition of units see Yang et al., 1981) of the heat-stable inhibitor-2 was sufficient to inhibit all protein phosphatase 1, which accounts for about 60% of the first double peak. In contrast, protein phosphatases 2B and 2C have only Vol. 225 negligible phosphatase activities Mieskes et al., 1984) . The protein phosphatase distribution obtained with the substrates PF1K and PF2K/F2,6BPase under similar conditions but in the presence of Mn2+ plus Mg2+ is depicted in Fig. 2 . The peak, eluted at about 100-150mM-NaCl, represents only protein phosphatases 2A1 and 2C for the following reasons: neither the addition of the heat-stable inhibitor-2 (8 units) nor the presence or absence of Ca2+ or trifluoperazine significantly affected the phosphatase activities measured with PF1K and PF2K/F2,6BPase as substrates (results not shown), indicating that neither protein phosphatase 1 nor 2B has a measurable phosphatase activity with these substrates. The second peak, eluted at 180- 260mM-NaCl, represents protein phosphatase 2A2 (cf. Fig. 1 ). The apparently higher PF1K phosphatase activity as compared with the PF2K/F2,6BPase phosphatase activity in Fig. 2 should not be taken as an indication that PF1K is a better substrate for the two phosphatases, as such a difference can easily result from different specific radioactivites of the [32P]phosphate in the two substrates, as well as from different substrate concentrations. The important comparison within the context of the present work are the relative phosphatase activities of the different phosphatases with the same substrate.
On the basis of the data presented in Fig. 2 (Fig. 1 ) most likely results from the conversion of phosphatase 2A1 into 2A2 by the loss of a 58 kDa component during purification After fractionation on DEAE-cellulose, the protein phosphatase activities eluted in the range 90-lOOmM-NaCI were combined, concentrated by (NH4)2SO4 precipitation (390mg/ml) and applied to a Sephacryl S-200 column (2cm x 90cm) equilibrated in buffer A. The column was developed at a flow rate of 15ml/h. Fractions (3.8ml) were collected and assayed for phosphorylase phosphatase activity ( ) in the presence of 1 mM-Mn2 , or for PFIK-phosphatase (0) and PF2K/F2,6BPase-phosphatase activity (A), both in the presence of 1 mM-Mn2+ plus 7.5mM-Mg2+. Control incubations for PK1K phosphatase without Mn2+ and Mg2+ (0) demonstrate the complete dependence of protein phosphatase 2C on bivalent cations. The column was calibrated as described previously (Mieskes et al., 1984) .
This relationship could theoretically be modified in intact cells by physiological effectors. Therefore the influence of various metabolites on the dephosphorylation of PF1K, PF2K/F2,6BPase, pyruvate kinase and fructose-1,6-bisphosphatase with purified protein phosphatase 2C was examined (Table  1 ). In no case was an activation of the dephosphorylation reaction observed, and significant inhibition occurred only at unphysiologically high concentrations. Inhibition by high concentrations of effectors was in most cases not selective for a specific phospho-enzyme substrate, indicating that the effectors acted mainly on the protein phosphatase rather than on the substrates. However, as the effectors failed to be effective at physiological concentrations, one has to assume that, for protein Vol. 225 Table 1 . Effect of various metabolites on the rate of dephosphorylation of glycolytic/gluconeogenetic enzymes by purified protein phosphates 2C Activities are expressed as percentage of those of control incubations from which the metabolites were omitted. For each value the time-dependence of the dephosphorylation reaction was measured. The initial velocity given by the first 2min of this curve represents the protein phosphatase activities. Abbreviations: PK, L-type pyruvate kinase (EC 2.7.1.40); F1,6BPase fructose-1,6-bisphosphatase (EC 3.1.3.11); both enzymes were prepared and labelled as described by Mieskes et al. (1984) .
Phosphoenzyme phosphatase 2C, the rate of dephosphorylation of the phospho-enzymes studied is mainly regulated by the concentration of the phospho-enzyme substrate itself.
